(NTD) and a considerably longer (~ 100 amino acids) and highly positively charged C-terminal 48 domain (CTD). The GH1 consists of ~ 80 amino acids and belongs to the 'winged helix' family of 49 DNA-binding proteins. It contains a characteristic mixed α/β fold consisting of three α-helices (I-50 III) and two β-strands (S2-S3). The compact bundle comprised of the three helices forms the core 51 of this domain. The 'wing' structure (from which the name of this family of DNA-binding proteins 52 is derived) lies within the region located C-terminally to helix III and is an extended loop joining 53 β-strands S2 and S3. GH1 associates with the nucleosome outside the core particle and contacts 54 DNA via at least two different binding sites (Zhou et al., 1998; Brown et al., 2006; Syed et al., 55 2010; Zhou et al., 2013) . In addition to GH1, the overall functional properties of H1 are strongly 56 influenced by the CTD, which binds to internucleosomal linker DNA. The CTD has an intrinsically 57 disordered structure capable of adopting different conformations depending on the geometry of the 58 target surfaces, which may be linker DNA or interacting proteins (Hansen et al., 2006) . The prime 59 determinant of this property is the amino acid composition rather than the CTD sequence, with 60 charge neutralization upon DNA binding by its many lysine residues playing an important role 61 (Hendzel et al., 2004 ). According to current models, simultaneous and synergistic binding of both 62 GH1 and the CTD are prerequisites for correct H1 placement, and determine its role in chromatin 63 compaction (Stasevich et al., 2010) . It is generally agreed that H1, by restricting nucleosome 64 mobility and impeding the access of trans-acting factors to their target sequences, exerts strong 65 effects on DNA-dependent activities, such as transcription and replication, and probably also 66 recombination and repair (Izzo et al., 2008) . Recent evidence suggests an even more complex 67 pattern of H1 functions in the cell, in which its role as a universal architectural protein affecting 68 chromatin dynamics is complemented by a parallel function as a local and gene-specific regulator 69 (McBryant et al., 2010) . Linker histones are a more divergent group of proteins than core histones. 70 3 3 In animals, numerous non-allelic variants, including cell type-and stage-specific isoforms, have 71 been described (Jerzmanowski, 2004; Sancho et al., 2008) . In addition, and similarly to core 72 histones, major animal H1 variants undergo extensive posttranslational modifications of different 73 types (Wisniewski et al., 2007) , the importance of most of which is unknown. 74 Plant H1s exhibit the universal features of the H1 family, including the occurrence of different 75 non-allelic variants and extensive posttranslational modifications see Tables 1 and S1 76 (Prymakowska-Bosak et al., 1996; Jerzmanowski et al., 2000; Jerzmanowski, 2004; Kotliński et al., 77 2016) . Interest in their functional roles has grown considerably in recent years, since they are 78 frequently found in high-throughput screens aimed at identifying regulators involved in processes 79 related to development, physiology and adaptation to stresses (Wierzbicki and Jerzmanowski, 2005; 80 She et al., 2013; Zemach et al., 2013; Over and Michaels, 2014; Rutowicz et al., 2015) , see also 81 Table S2 . However, because of the exceptional diversity of plant GH1-containing proteins, a fact 82 not realized by most researchers, the relevant reference information about members of this group 83 available in databases is highly imprecise, lacks coherence and systematization, and is often 84 misleading, particularly for those unfamiliar with the classification of chromatin proteins. For 85 example, as illustrated in Table 1 and Table S1 , plant linker histones, like HMGA (High Mobility 86
Group A) and certain other proteins, are described by the general term 'winged-helix DNA-binding 87 transcription factor' in several databases. Numerous plant GH1-containing proteins are listed as 88 'putative' or lack any description. Moreover, the annotation of the same proteins is inconsistent 89 between databases. 90
Here, we summarize currently available information, including both published data and the 91 findings of our in silico and high-throughput analyses, and propose a coherent system of phylogeny 92 and structure-based nomenclature and annotation of H1s and other GH1-containing proteins of 93 Arabidopsis. This system will be useful as a basic reference tool for the identification and 94 characterization of homologous proteins from different plant species. In addition, we highlight 95 some interesting trends in the evolution of chromatin-based regulation that may be specific for 96 plants. 97
98

RESULTS AND DISCUSSION 99 100
The Arabidopsis genome encodes 15 proteins containing a genuine GH1 domain. A scheme 101 linking GH1-based phylogenetic relationships with protein domain architectures within this group 102 is shown in Fig. 1 . Phylogenetic analysis supports an early separation into three sub-groups, which 103 we rename here as 1) H1s, 2) GH1-HMGA-/GH1-HMGA-related, and 3) GH1-Myb-/GH1-Myb-104 related. protein with no AT-hook domains (AT5G08780.1, named GH1-HMGA-related4 in our proposed 150 nomenclature). We were unable to detect this protein in our T87 nuclear proteome (Table S1 ), but 151 its transcript was present in an Arabidopsis transcriptome derived by RNA-Seq analysis (Table S1) . 152
Its GH1 sequence places GH1-HMGA-related4 distantly from the rest of the Arabidopsis H1-153 HMGA sub-group. Comparison of the charged amino acid profiles of non-GH1 fragments of 154
Arabidopsis GH1-containing proteins demonstrated that the CTDs of GH1-HMGA1-3 have an 155
island-like distribution of positively and negatively charged residues, with mostly the latter present 156 in fragments directly adjacent to GH1 (Fig. S2) . The corresponding profile for GH1-HMGA-157 related4 is significantly different. Secondary structure predictions suggest a potentially novel 158 domain which lacks sequence similarity to any other protein domain of known or unknown 159 structure/function. Interestingly, similar sequences are present in proteins from other species of the 160 order Brassicales, in which they are also accompanied by GH1. The phylogenetic tree of GH1s 161 from model plant proteomes identifies a distinct cluster comprised of Arabidopsis GH1-HMGA-162 related4 and similar proteins from other species. Importantly, according to the InterPro database 163 The fusion of genuine GH1 and multiple AT-hook motifs which occurred in angiosperm plants, 166 can also be found in phylogenetic groups outside plant kingdom, e.g. in numerous fish species, in 167 
GH1-Myb-/GH1-Myb-related 217
This sub-group comprises five proteins with an additional N-terminal Myb domain accompanied 218 by a 17-18-amino acid-long Myb extension-like domain. They seem to be as evolutionary old as 219 H1s, as in addition to angiosperms, they occur in representatives of green algae, bryophytes, 220 lycophytes and gymnosperms (Fig. S1 ). They are known as 'single myb histone' (SMH) or 221 'telomere repeat binding' (TRB) proteins and two of them GH1-Myb-TRB1 and GH1-Myb-TRB2 222 were shown to bind Arabidopsis telomeric repeats in vitro through a Myb domain of the telo-box 223 (telomere motif AAACCCTAA) -type (Marian et al., 2003; Schrumpfová et al., 2004) . The 224 demonstration of in vivo interactions of these proteins with Arabidopsis telomerase support a 225 suggestion that they are part of the greater plant telomeric interactome (Procházková Schrumpfová 226 et al., 2014) . However, a recent mapping by chromatin immunoprecipitation sequencing (ChIP-seq) 227 of genome-wide distribution of TRB1:GFP revealed its presence in over 7800 genomic loci. The 228 majority of these loci contained telo-box-related motifs located at the transcription start sites 229 (TSS), with additional loci spreading across gene bodies as well as distal promoter regions. 230
Moreover, it was shown by genome-wide expression (RNAseq) analysis that TRB1, by binding at 231 these loci, plays a role of transcriptional regulator which is independent of its role in telomere 232 maintenance (Zhou et al., 2016) . Given such wide-spread occurrence, it seems highly probable that 233 at least in some of the detected loci TRB1 through its GH1 Since GH1-Myb-TRB3 is very similar to GH1-Myb-TRB1 and GH1-Myb-TRB2 -all three 236 locate in the same branch on phylogenetic tree (Fig. S1) , it may perform the same function. GH1-237
Myb-TRB1 was identified in our proteomic analysis of Arabidopsis nuclei, while GH1-Myb-TRB2 238 and GH1-Myb-TRB3 were detected below the established threshold (Table S1 ). Transcripts 239 encoding GH1-Myb-TRB1-3 were all present in our RNA-seq data. Two other GH1-Myb proteins 240 GH1-Myb4 and GH1-Myb5 (AT1G17520.1 and AT1G72740.1, respectively) are more distantly 241 related to GH1-Myb-TRB1-3 (Fig. S1) processes of growth and development in a typical flowering plant. While this does not rule out the 260 functional significance of more subtle variation within these two major sub-types observed in 261 systematically distant families and species, proof of such significance has yet to be provided. The 262 above notwithstanding, the impression of a seemingly limited diversification of H1s during the 263 evolution of plants may be misleading and result from biased classification rules. These rules were 264 adopted from studies on typical animal H1s, and do not take into account the fundamentally 265 different life strategies and vastly different selection pressures shaping major chromatin structural 266 proteins in plants and animals during their long histories of separate evolution. The GH1-HMGA-267 /GH1-HMGA-related and GH1-Myb-/GH1-Myb-related sub-groups could be the end result of such 268 specific selection pressures in the plant kingdom. The concept that proteins of these two sub-groups 269 represent highly diverged and specialized derivatives of plant H1 that use GH1 as a common motif 270 is by no means equivalent to suggesting that all plant GH1-containing proteins are bona fide 'H1 275 variants', in a sense ascribed to this subcategory in animal studies. Its main purpose is to draw 276 attention to the fact, that in plants the competition-based removal of H1 from chromatin may be 277 dependent on more diversified and specialized group of competitors than in animals, suggesting a 278 novel plant-specific mechanisms of chromatin regulation. We therefore propose a unified 279 nomenclature for plant GH1-containing proteins built simply on their GH1-based phylogenetic 280 relationships, as shown in Fig. 1 . We further propose to distinguish proteins possessing two 281 characteristic domains (GH1-HMGA and GH1-Myb) and proteins belonging to the same sub-282 groups due to the phylogenetic position of their GH1, but lacking the second characteristic domain 283 -HMGA or Myb. We name these latter proteins GH1-HMGA-related and GH1-Myb-related, 284 respectively (they are marked by lighter color in Fig. S1 ). It is important to remember that proteins 285 of these two types from other species still retain their AT-hook motifs and Myb domains. Since the 286 GH1-Myb-TRB1-2 proteins have been experimentally confirmed to bind telomere repeats and were 287 therefore named Telomere Repeat Binding 1 and 2 (TRB1 and TRB2), we propose to retain this 288 functional reference in their names (as GH1-Myb-TRB) for the sake of clarity and tradition. The 289 same applies to GH1-Myb-TRB3, a very similar protein that has previously been described as 290 TRB3. With regard to GH1-Myb4 and GH1-Myb5, which are also described as TRB-proteins in 291 many databases, we suggest removing the designation TRB from their names. In Arabidopsis GH1 292 evolutionary tree, both of these proteins group in a clade separate from that of TRB1-3, suggesting 293 a greater evolutionary distance. Moreover, and unlike GH1-Myb-TRB1-3, they both contain a Myb 294 extension-like sequence different than GH1-Myb-TRB1-3, so their binding preferences may be 295 different. We have also indicated (Table S1 and, in parentheses, in Fig. S1 ) the former names of 296 GH1-Myb proteins as Single Myb Histone (SMH) that were used in the discontinued ChromDB and 297 in Maize genomic databases. Importantly, our inspection in SMART/UniProt of the domain 298 structure of all proteins included in the tree in Fig. S1 , revealed some singularities. In We believe that the proposed phylogeny-and structure-supported system of classification, 306 apart from practical convenience, will foster novel approaches in studies on the functional roles of 307 GH1-containing proteins in plants. Supplementary Fig. S3 . Relative expression levels of GH1-containing protein coding genes in 376 Arabidopsis, across 74 tissue-or cell-specific microarrays (as used in Schmidt et al., 2011 BLAST (Altschul et al., 1990) for 387 proteins containing GH1 domain. Sequences of GH1 from all 15 Arabidopsis GH1-containing 388 proteins were used as query. All records found are included in Tables 1 and S1 Sequence searches were performed using H1.2, GH1-HMGA2, GH1-Myb-TRB1 and TRB1 424 from Arabidopsis thaliana as queries. All hits were mapped on Uniprot identifiers 425 (http://www.uniprot.org), except for Physcomitrella patens (which lacks Uniprot ids for 2 out of 9 426 analyzed sequences). Subsequently, representative plants were chosen with emphasis on 427 Brassicaceae (3 taxa) and including all basal plant model organisms present in the aforementioned 428 database (for a list of identifiers and names see Supplementary Table S3 ). Incomplete truncated 429 sequences were discarded. Phylogenetic trees were inferred both for A. thaliana GH1 proteins (see 430 Fig 1) and for 282 representative plant sequences (Fig S1) . 431
Sequences of all GH1-containing proteins used for phylogenetic comparison were screened 432 with SMART (Schultz et al., 2000; Letunic et al., 2015) for presence of any additional domains or 433 loss of domains (other than GH1). The results are included in Fig. S1 . 
